The one-step dispersion of HiPco single-walled carbon nanotubes in aqueous media with the use of a synthetic lyso-phosphatidylcholine was studied. Solubilization occurs through wrapping of lipid molecules around the circumference of the tubes, yielding lipid monolayers on the graphitic sidewalls as evidenced by atomic force microscopy imaging and dynamic light scattering measurements. Raman spectroscopy showed that the dispersion and centrifugation process leads to an effective enrichment of the stable aqueous suspension in carbon nanostructures with smaller diameters.
Carbon nanotubes (CNTs) are considered ideal materials for several applications, ranging from ultra-strong fibers to electronic devices components. 1 Due to the hydrophobic character of the CNT sidewalls and the non solubility of the material in any medium, a concern has raised about their utilization in bio-applications. The development of efficient methodologies for the chemical decoration of CNTs has opened new avenues for the preparation of bio-compatible material. Recently, CNTs have generated great interest in biology, where suitably modified material can function as drug delivery systems. 2 In most cases, two general chemical approaches are widely employed for modification of the graphitic cylinders. 3 The sidewalls or the defect sites can be covalently modified by various grafting reactions which give rise to more soluble nanotubes. Alternatively, the non-covalent adsorption or wrapping of various functional molecules results in the formation of supramolecular complexes and the fabrication of innovative systems. For example, surfactant adsorption onto the graphitic sidewalls has been widely studied and is generally preferred because it does not alter the CNT conjugated network. Recently, it has been demonstrated that single-tailed phospholipids can readily form stable suspensions of CNTs in aqueous media. [4] [5] [6] UV-Vis spectroscopy, TEM imaging and molecular dynamics simulations respectively have been employed to study the CNT * Author to whom correspondence should be addressed. dispersability and micelle organization patterns on their curved surface recently. 5 6 Such studies on the stacking motif of amphiphilic lipid micelles onto the carbon nanostructures are of great interest offering insights on their stabilization mechanism. Well-characterized formulations are a prerequisite for their successful application and hence such complexes bear further exploitation before they can be used for biomedical purposes.
In this Letter, we report the preparation of individually suspended single-walled CNTs in the presence of lysophosphatidylcholine (LPC). The CNT-lipid conjugates were characterized by Atomic Force Microscopy (AFM), Raman Spectroscopy, dynamic light scattering and zeta potential measurements. Our main goal was to investigate the colloidal stability of lipid-coated CNT material in aqueous media, to explore the stacking motif of the LPC moieties onto the CNT surface and the possibility of diameter-selective CNT solubilization.
Stable suspensions of HiPco single-walled CNTs (Carbon Nanotechnologies Inc., Houston, TX, USA) were obtained by mixing pristine material (8 mg) and LPC (102 mg) (Sigma-Aldrich, St. Louis, MO, USA), in a 10 mM NaCl solution (20 cm 3 ) and the mixture was ultrasonicated for 15 min. The electrophoretic mobility of the CNT samples was measured as a function of pH at 25 C using a Zetasizer (Malvern Nanosizer ZS, Malvern Instruments, UK). Raman spectra were recorded using a micro-Raman system equipped with a Peltier Diameter-Selective Solubilization of Carbon Nanotubes by Lipid Micelles cooled charge-coupled device (CCD) for light detection. A 514.5 nm excitation line of an Ar + laser (4 mW) was used. AFM studies were carried out using a Multi-Mode/NanoScope IV Scanning Probe Microscope (Digital Instruments, Santa Barbara, CA, USA). Scanning was performed in tapping mode using Si cantilevers with integrated tips. Images were subsequently processed using NanoScope software (V 7.10, Digital Instruments, Santa Barbara, CA, USA). The sample solution (10 l) was placed on freshly cleaved muscovite mica (Agar Scientific, Stansted, Essex, UK), mounted on a nickel disc and left to dry in air.
The solubilization of HiPco material by lipids was studied by sonicating CNTs in the presence of aqueous LPC solutions. Once prepared, the dispersions were found to be stable for more than a month at room temperature. Moreover, centrifugation of the samples at 6500 rpm for 10 min had no visual effect on the colloidal stability of the mixture. The -potential of the dispersions was calculated according to the Helmholtz-Smoluchowski equation while the pH values of the dispersions were measured by a combination electrode and adjusted with dropwise addition of 0.1 M NaOH or HCl solutions. 7 The -potential values of the SWCNT dispersions as a function of pH are shown in Figure 1 . Pristine nanotubes exhibit a negative charge, as has been previously reported. 7 On the other hand, LPC head groups are zwitterionic with no net charge keeping the charge of the medium. However, the presence of LPC micelles induced changes to their -potential values. A significant decrease in absolute values was noticed at slightly acidic (pH = 4) and basic (pH = 10 and 12) solutions (p < 0 01), implying that the lyso-PC molecules exhibit strong affinity with the SWCNT surface.
The dispersions were characterized by Resonance Raman Spectroscopy, using unmodified tubes as reference samples. The carbon material was suspended in the lipid solution after a short time sonication and was centrifuged at 6500 rpm for 10 min. The upper black-colored supernatant part of the suspension was casted onto a glass substrate which was dried in air. The peak positions in the radial breathing mode (RBM) frequency region of the Raman spectra have been widely used to measure the relative distribution of tube diameters. 8 Figure 2 shows the Raman spectra of the pristine and the LPC-suspended samples in the low-wavenumber region, excited with the 514.5 nm laser line.
In the spectrum of the untreated SWCNT material (Fig. 2(a) ), several RBM peaks can be observed, the most intense being at 179, 201, 242 and 257 cm −1 . Using the well known empirical expression RBM (cm −1 ) = (223 5/d t (nm)) + 12 5, the calculated tube diameters d t of the unmodified sample range between 0.9 and 1.4 nm. As it is evident from Figure 2 (b), significant changes occur in the Raman spectrum of lipid-modified material which is suspended in the upper supernatant. More specifically, in the case of the lipid-coated sample the above mentioned strong bands of the starting material shift to 186, 206, 246 and 261 cm −1 , respectively. Therefore, the presence of the functionality affects substantially the symmetric radial vibrations of the hollow cylinders. Using a typical pressure slope value of ∼8 cm −1 GPa −1 for the RBMs of SWCNTs obtained from high-pressure Raman experiments under hydrostatic conditions, 9 of ∼0.5 GPa can be obtained for the stress experienced by a SWCNT during lipid adsorption. In addition, from Figure 2 it is clear that, in the LPC sample, the lower frequency RBM bands (<220 cm −1 ) corresponding to larger diameter tubes are substantially reduced in intensity relative to the higher ones. The above observations suggest an enrichment of small diameter tubes in the supernatant part of the centrifuged CNT-LPC suspension in agreement with analogous studies. 10 In order to assess the stacking motif of LPC micelles onto the CNT sidewalls, AFM imaging has been performed. An AFM micrograph of CNT material dispersed in LPC is shown in Figure 3(a) . An uneven distribution of micelles over SWCNT surfaces was observed. The calculated height value for the uncoated part of the nanostructure was 1 4 ± 0 1 nm (n = 10), typical of individual single-walled nanotubes (Fig. 3(a) ). This measured value is in good agreement with the diameter distribution Volume (%) Diameter (nm) Fig. 4 . Dynamic light scattering distribution of LPC micelles in 10 mM NaCl expressed to volume particle size distribution versus particle size diameter (nm). calculated by Raman spectroscopy, giving additional evidence of isolated nanotubes. In sharp contrast, the height value for the coated region of the nanostructure was ca. 6 4±0 4 nm (n = 10) ( Fig. 3(b) ). The increased height values can be attributed to the presence of lipid moieties coating the graphitic surface. Dynamic light scattering analysis of LPC solutions in the absence of CNT material revealed that the mean diameter of the resulting micelles was ca. 5 nm (Fig. 4) . The combination of AFM and light scattering data clearly suggests the presence of a lipid monolayer surrounding the graphitic network.
We have demonstrated that single-tailed lipid substances can disperse CNT material in aqueous media permanently. The presence of lipid layer around the sidewalls of individual CNTs was supported by both AFM imaging and dynamic light scattering measurements. The height profiles of the AFM images suggest the existence of a lipid monolayer wrapping the carbon nanostructures. Raman spectroscopy revealed that LPC micelles suspend preferentially smaller diameter tubes. This result may have great implications on the development of a efficient and scalable process regarding the diameter-selective separation of CNTs.
